Molecular dynamics simulations have been used to investigate the structural behavior of nanorods with square cross section. The nanorods consist of pure Ag and Cu phases or of three Ag and Cu domains in the sequence Ag-Cu-Ag or Cu-Ag-Cu. Ag and Cu domains are separated by coherent interfaces. Depending on the side length and the size of individual domains, Ag and Cu can undergo a transition from the usual face-centered cubic structure to a body-centered tetragonal one. Such transition can involve the whole nanorod, or only the Ag domains. In the latter case, the transition is accompanied by a loss of coherency at the Ag-Cu interfaces, with a consequent release of elastic energy. The observed behaviors are connected with the stresses developed at the nanorod surfaces.
Introduction
It is well known that surface and bulk atoms exhibit different properties due to their different coordination numbers [1, 2] . For example, surface atoms have a potential energy higher than bulk ones as a consequence of their smaller number of neighbors [1, 2] . It follows that the overall physical and chemical behavior of a given system depends on the fractions of surface and bulk atoms [1, 2] , which are in turn affected by the characteristic system lengths [1] [2] [3] [4] [5] . Whenever at least one of these lengths is in the nanometer range, the fractions of surface and bulk atoms become comparable [1] [2] [3] [4] [5] . For this reason, nanometer-sized systems must be expected to exhibit unusual properties ascribable to surface effects [3] [4] [5] .
One of the most striking examples of surface effects in nanometer-sized systems is provided by the change in the relative thermodynamic stability of different crystalline structures [6, 7] . Provided that the free energy difference between the crystalline structures is on the order of surface free energies, the crystalline phase thermodynamically less favored in the bulk can become the most stable one at the nanoscale [6, 7] . This is the case of Pd nanocubes compressed in a diamond anvil cell, which exhibit a face-centered tetragonal structure even though massive Pd under similar conditions keep the face-centered cubic (fcc) lattice [6] . Numerical simulations also indicate that isolated Ag and Au nanorods (NRs) can exhibit a body-centered tetragonal (bct) structure, unstable in the bulk, due to intrinsic surface stresses [7, 8] . Along the same line, fcc Pd NRs have been shown to transform into either a bct or a hexagonal closepacked (hcp) structure [9, 10] . Other examples can be found in the behavior of Ni nanometer-sized systems [11, 12] . Experimental work has shown that highly strained hcp Ni islands form by heteroepitaxial growth on the (001) face of MgO [11] , whereas numerical simulations have given the necessary theoretical support and extended the predictions to Co, Pd, and Pt [12] . Furthermore, it has been demonstrated that intrinsic surface stresses are sensitive to both surface composition and curvature [13] [14] [15] .
Starting from the afore mentioned results, the present work aims at deepening the insight into the effect of chemical composition on the intrinsic surface stresses arising in NRs. Attention is focused on Ag and Cu NRs as well as on composite NRs with three alternate Ag and Cu domains according to the sequences Ag-Cu-Ag and Cu-Ag-Cu. Molecular dynamics simulations have been used to investigate the stability of the different NRs as a function of their cross-sectional area and, in the case of composite NRs, of the size of chemical domains. It is shown that the smallest Ag NRs exhibit an unusual bct structure. It is also shown that the presence of Cu domains can significantly affect the phase stability of Ag in composite NRs. Depending on the 2 Journal of Nanomaterials composite NR size, Cu can also undergo a fcc-to-bct transition unobserved in both Cu bulk phases and NRs.
Computational Outline
Interactions were described by using a semiempirical tightbinding (TB) potential based on the second-moment approximation to the density of electronic states [16, 17] . Accordingly, the cohesive energy E is expressed as
where i α and j β run over the N α and N β atoms of species α and β, r αβ i j = |r iα − r jβ | is the distance between two atoms, the parameters A αβ , ξ αβ , p αβ , and q αβ quantify the potential energy, and d αβ is the distance between α-β nearest neighbor pairs at 0 K. The first member on the right-hand side describes the repulsive part of the potential as a Born-Mayer pairwise interaction, while the second member accounts for the attractive part in the framework of the second-moment approximation of the TB band energy [16, 17] . Interactions were computed within a cutoff distance r c of 0.67 nm. The potential parameter values were taken from literature [17, 18] .
The selected TB potential exhibits a remarkable capability in reproducing the structural, thermodynamic, and mechanical properties of both massive and nanometer-sized transition metals and their alloys [1, 2, [16] [17] [18] [19] . It has been successfully employed to study Ag and Cu systems, including metastable solid solutions at the nanometer scale [1, 2, [16] [17] [18] [19] . However, the present work has qualitative purposes, and the obtained results should be regarded as a rough approximation of real behavior.
Ag and Cu NRs as well as composite Ag-Cu-Ag and CuAg-Cu ones were created starting from relaxed Ag and Cu bulk phases containing 256000 Ag or Cu atoms arranged in 40 × 40 × 40 cF4 fcc elementary cells. The bulk systems were relaxed at 200 K in the isobaric-isothermal statistical ensemble with number of atoms, pressure, and temperature T constant [20, 21] . The Parrinello-Rahman scheme was employed to suitably deal with possible phase transitions [22] . Periodic boundary conditions were applied along the three Cartesian directions [23] . Equations of motion were solved with a fifth-order predictor-corrector algorithm [23] and a time step of 2 fs. The fluctuations of volume as well as of potential and kinetic energies were used to monitor the equilibration process, which attained completion after approximately 0.2 ns.
Five Ag NRs and five Cu NRs about 15 nm long and with square cross section were created by selecting parallelepipedic regions at the center of the Ag and Cu bulk phases, respectively. The side length s of the square cross section was given values roughly equal to 1.2, 1.6, 2.0, 2.4, and 2.8 nm. The NR main axis was chosen coincident with the 100 crystallographic direction, so that free surfaces exhibit (100), (010), and (001) crystallographic facets, respectively. The choice of investigating 100 NRs with (100), (010), and (001) crystallographic facets is motivated by the fact that only such orientation and facets allow the fcc-to-bct phase transition in Ag and Au NRs [7, 15, 24] . Although (111) crystallographic facets are in principle more stable than (100) ones [25] , these seem to be necessary to reach intrinsic surface stresses large enough to affect the stability of the fcc crystalline phase and promote a change to the bct crystalline lattice.
The unsupported Ag and Cu NRs were obtained by isolating the selected parallelepipeds from the parent matrices. To such aim, the interactions between the atoms inside and outside the parallelepiped were progressively canceled by reducing linearly to zero in 50 ps, the A and ξ potential parameters for the involved atomic pairs.
Although computationally cumbersome, the afore mentioned procedure allows the gradual relaxation of NRs already during the process of formation [8, 18] . In particular, it permits equilibrating the excess energy appearing at free surfaces as a consequence of the disappearance of the matrix [8, 18] . Correspondingly, the unsupported NRs exhibit relaxed free surfaces [8, 18] .
The unsupported Ag and Cu NRs were used to fabricate, respectively, the composite Ag-Cu-Ag and Cu-Ag-Cu NRs. The composite Ag-Cu-Ag NRs were created by selecting k atomic planes at the center of the Ag NRs and replacing the Ag atoms there located with Cu ones. An analogous procedure was followed to create the composite Cu-Ag-Cu NRs. The number k of Ag or Cu atomic planes defines the size of the central domains. It was given integer values in the range between 2 and 24, with consecutive values differing by two units. 72 being the total number of atomic planes included in any given NR, the number of atomic planes in the Ag or Cu end portions varied between 24 and 35. Information on the composite Ag-Cu-Ag NRs is given in Table 1 .
The replacement of Ag atoms with Cu ones, and vice versa, induces a considerable strain at the Ag-Cu interfaces due to the different elementary cell parameters of Ag and Cu. The result is the formation of highly strained interfacial regions in which Ag and Cu lattices, even though affected by compressive and tensile respectively, keep the initial coherency [26] .
Structural features were studied by comparing the distances and the spatial arrangement of neighboring atoms to point out any departure from the equilibrium fcc arrangement and to identify the attained crystalline structure [27] .
The average stress f at the NR surfaces was estimated by the first derivatives of the interatomic potential [13] . Although relatively simple and direct, this method is sensitive to the shape of the potential curve [8, 13] . Therefore, small differences in the f values obtained by using different potentials must be expected. Also, it must be noted that the evaluation of the average surface stress f is further complicated by the presence of different chemical domains along the NR axis, which results in a inhomogeneous distribution of local strains at the NR surfaces. The induced compressive stress σ NR along the NR axis can be indirectly estimated from the average surface stress f by calculating the ratio 4 f l/A NR [24] , where l and A NR represent, respectively, the total length and the crosssectional area of NRs.
All of the results discussed in the following were obtained from at least two simulations, aimed at ascertaining the reliability of results and their dependence on the initial configuration.
Ag and Cu NRs
The relaxed atomic configuration of the unsupported Ag NR with sides about 2.8 nm long is shown in Figure 1 . It can be seen that the system has kept the fcc crystalline structure typical of Ag bulk phases. The stability of this structure depends on the size of the NR. As observed in previous work [8] , the fcc structure is replaced by a bct one as the side length s of the Ag NR becomes equal to 2.0 nm or smaller. The analysis of the atomic arrangements indicates that the bct structure exhibits elementary cell parameters a bct and c bct equal to about 0.347 and 0.286 nm, respectively.
Information on the mechanism of the phase transition is obtained by visualizing the atomic configurations of Ag NRs at different times. The images of a few configurations are shown in Figure 2 . They clearly point out that the fccto-bct phase transition nucleates at the free (100) surfaces perpendicular to the NR main axis and progressively propagates inwards at a rate of about 400 nm ns −1 . Following previous work [7, 15] , the fcc-to-bct phase transition in NRs with cross-sectional area A NR smaller than about 4 nm 2 has been connected with the surface stress f . Calculations point out that the average surface stress f exhibited by the (100) free surfaces of the Ag NRs amounts approximately to −1.3 J m −2 . This f value is on the same order of magnitude than the ones reported in literature for Au nanowires [7] . The negative sign of the f estimate indicates that the Ag NRs undergo a contraction along their main axis. The extent to which their length contracts depends on the intensity of the compressive stress σ NR induced by the surface stress f . The compressive stress σ NR varies with the NR size as shown in Figure 3 , where σ NR is plotted as a function of the reciprocal of the NR cross-sectional area A NR , A −1 NR . The largest NR able to undergo the fcc-to-bct phase transition is the one with cross-sectional area A NR equal to about 4 nm 2 . In this case, the surface-induced compressive stress σ NR amounts to about 13 GPa. This value can be also regarded as the minimum surface-induced compressive stress σ NR able to promote a fcc-to-bct phase transition in Ag NRs with square cross section.
In contrast with the behavior exhibited by Ag NRs, Cu NRs do not undergo any fcc-to-bct phase transition. In all 4 Journal of Nanomaterials 
Composite Ag-Cu-Ag NRs
In the case of Ag-Cu-Ag NRs, considerable lattice distortions are observed at the interfacial regions. On the one hand, the Cu side of the Ag-Cu interface undergoes a tensile deformation, which results in a cell parameter slightly larger than the equilibrium one. On the other hand, the Ag atoms at the interface are submitted to a compressive stress, and their local cell parameter is smaller than the equilibrium one. The same is true for all of the Ag-Cu-Ag NRs investigated.
The central Cu domain is expected to affect the fcc-tobct phase transition behavior of the composite NRs. The stacking of k Cu atomic planes between the Ag domains can be regarded as a perturbation of the NR including only Ag atoms. The consequence of such perturbation can be readily visualized from the grid shown in Figure 4 . The grid is constructed by correlating the NR side length s with the number k of Cu atomic planes and allows to mark the composite Ag-Cu-Ag NRs affected by structural changes. Four different regions can be identified. For composite AgCu-Ag NRs with s equal to 2.0 nm or smaller and k equal to 8 or smaller, a fcc-to-bct phase transition takes place that also involves the Cu domain. Within the same s range, the Cu domain is no longer affected by the fcc-to-bct transition when k becomes larger than 8. The Ag-Cu-Ag NRs with side length s larger than 2.0 nm and number k of Cu atomic planes around 10 also exhibits the same behavior. This is quite surprising, since the corresponding Ag NRs do not undergo any structural transformation. Therefore, it must be inferred that the phase transition is due to the central Cu domain. For all of the remaining Ag-Cu-Ag NRs, no phase transition occurs. For simplicity, hereafter the cases in which transformations take place will be indicated as A, B, and C. Case A will include the Ag-Cu-Ag NRs in which both Ag and Cu domains undergo a fcc-to-bct phase transition. Case B will refer to NRs in which only the Ag domain participates in the transition. Finally, Case C will refer to the NRs in which the Ag domains transform even though the corresponding Ag NRs do not.
Case A.
The atomic configurations of the composite AgCu-Ag NR with side length s equal to 1.2 nm and k equal to 8 are shown in Figure 5 at different times after the isolation from the parent matrix. It can be seen that, as in the case of Ag NRs, the fcc-to-bct phase transition starts at the Ag-free surfaces perpendicular to the main NR axis. Once the phase transition has started, the transition front propagates along the NR axis at rates of about 400 nm ns −1 . The Cu atomic planes in the central region do not arrest the transition front. On the contrary, it overcomes the strained coherent interfaces between Ag and Cu and forces the Cu domain to take a bct arrangement. The analysis of the arrangement of nearest neighbors indicates that the Cu bct phase exhibits elementary cell parameters a bct and c bct equal to about 0.309 and 0.261 nm, respectively. Correspondingly, the contraction of the Cu lattice along the main NR axis and its dilatation perpendicular to it, are similar in percentage to the ones observed in Ag NRs.
As a whole, case A NRs and Ag NRs share a similar behavior. The fcc arrangement is replaced by the bct one along the whole NR length, and the Ag-Cu interfaces keep Journal of Nanomaterials coherent. After the transition, the composite Ag-Cu-Ag NRs still exhibit a thinner central region. Indeed, although it withstands considerable strain, the Cu domain exhibits elementary bct cell parameters smaller than Ag.
The difference between the elementary bct cell parameters of Ag and Cu depends on the size of the Cu domain. It decreases as the number k of Cu atomic planes decreases and almost disappears when k is equal to 2. The afore mentioned findings suggest that the behavior of case A NRs is dominated by the coherency of the Ag-Cu interfaces. In contrast, when the number k of Cu atomic planes increases, the Case A behavior is replaced by the Case B one.
Case B.
As the number k of Cu atomic planes in the central region of the composite Ag-Cu-Ag NR with side length s equal to 2.0 nm becomes larger than 8, the fcc-tobct phase transition no longer involves the Cu domain. The structural evolution of these NRs is exemplified by the atomic configurations shown in Figure 6 , regarding the composite Ag-Cu-Ag NR with side length s equal to 1.2 nm and k equal to 20. The Ag-Cu-Ag NRs with s values equal to 1.6 and 1.2 nm and k values, respectively, equal to 8 and 10 exhibit a similar behavior.
In Case A and Ag NRs, the fcc-to-bct phase transition nucleates at the free Ag surfaces perpendicular to the main NR axis. As far as the transition fronts undergo their axial displacements within the Ag portions, the propagation rate is comparable with the one of about 400 nm ns −1 observed in Case A and Ag NRs. The fcc-to-bct phase transition pro-gressively involves the entire Ag domains, but it arrests at the AgCu interfaces. The Cu domain keeps its initial fcc structure, although disordering processes take place at interfaces. These determine the loss of interface coherency, and a modification of the overall structure of the NRs. The final configuration in Figure 6 clearly shows that the two Ag portions no longer share the same main axis, exhibiting a misalignment of about 10
• . A similar behavior is observed in all of the Case B NRs. The extent to which the NR structure is modified depends on the number k of Cu atomic planes. The smaller the Cu domain, the more disordered the final arrangement of the Cu and Ag portions. The Ag-Cu interfaces rapidly disorder as the fcc-to-bct phase transition takes place. The structural modifications affecting the Ag domains induce a considerable strain on the adjacent Cu atomic planes. Although the Cu lattice is no longer able to follow the dilatation of the Ag one, the interfacial interactions are intense enough to induce the nucleation of lattice defects and the displacement of atomic species. This results in a limited mixing of Ag and Cu atoms at interfaces, aimed at lowering the surface energy.
Case C.
A few composite Ag-Cu-Ag NRs with side length s larger than 2.0 nm also undergo structural modifications. In the light of the Ag NR behavior, this is somewhat unexpected. In fact, only Ag NRs with s values equal to 2.0 nm or smaller undergo a phase transition. Therefore, the phase transitions in the composite Ag-Cu-Ag NRs can be reasonably ascribed to the presence of the central Cu domain.
The observed structural modification is exemplified by the atomic configurations shown in Figure 7 for the composite Ag-Cu-Ag NR with side length s equal to 2.4 nm and 10 Cu atomic planes in the middle. The Ag end portions undergo the fcc-to-bct phase transition, whereas the Cu central domain is not involved. However, different from Case A and Case B NRs, the bct phase no longer nucleates at the free Ag surfaces perpendicular to the main NR axis. Rather, the phase transition starts in the neighborhood of the AgCu interfaces. Thus, it appears that the transition behavior should be connected with the stress induced by the strained coherent Ag-Cu interface.
Composite Cu-Ag-Cu NRs
The composite Cu-Ag-Cu NRs have roughly the same size of the Ag-Cu-Ag ones, but opposite compositional profile. Simulations indicate that the central Ag domain still undergoes the fcc-to-bct phase transition, provided that the side length s is equal to 2.0 nm or smaller and the number k of Ag atomic planes is larger than 6. In the other cases, the Ag domain keeps its usual fcc structure. The structural evolution of the Cu-Ag-Cu NR with side length s equal to 1.2 nm and number k of Ag atomic planes equal to 20 is exemplified by the atomic configurations shown in Figure 8 . It can be seen that the phase transition nucleates homogeneously in the Ag domain. No transition front is observed. The coherency of Ag-Cu interfaces is rapidly lost, which induces the disordering of interfacial regions and the misalignment of Ag and Cu domains.
Discussion
The different behaviors exhibited by Ag and Cu NRs, as well as by composite Ag-Cu-Ag and Cu-Ag-Cu NRs, are determined by size effects. In the case of Ag and Cu NRs, size effects can be substantially identified with the stress f intrinsically associated with the NR free surfaces. The surface stress f can take quite large values, inducing a significant compressive stress σ NR along the main NR axis. In turn, this compressive stress can be large enough to stabilize the bct structure over the fcc one. Provided that the cross-sectional area of the NRs becomes smaller than a threshold of about 4.0 nm 2 , a fcc-to-bct phase transition is actually observed in the case of Ag NRs. Conversely, no such transition takes place in the case of Cu NRs. In fact, Cu keeps its usual fcc structure irrespective of the NR cross-sectional area.
Although a similar mechanism can be expected to operate in composite Ag-Cu-Ag and Cu-Ag-Cu NRs, the situation is further complicated by the structural heterogeneity. In particular, it must be expected that size effects connected with the side length s of the NRs are modulated by the size, that is, the number k of atomic planes, of the central Cu or Ag domains. The numerical findings clearly show that, depending on the s and k values, the NRs can undergo a fcc-to-bct phase transition. This phase transition can involve either the whole NR or only the Ag domains. It must be noted that, different from the case of Ag NRs, Ag domains can undergo the fcc-to-bct phase transition also when their side length s is larger than 2.0 nm.
The average surface stress f for Case A composite AgCu-Ag NRs that undergo the fcc-to-bct phase transformation is shown in Figure 9 as a function of the number k of Cu atomic planes. The f estimates exhibit a simple dependence on the size of the Cu domain, increasing almost linearly with k. The minimum f value allowing the fcc-to-bct phase transition amounts roughly to 2.1 J m −2 . This value is not far from the one observed in the case of Ag NRs, equal to about 1.7 J m −2 , and close to the f estimate obtained for Ag NRs submitted to a hydrostatic pressure of roughly 0.3 GPa [8] . The NRs with the shortest side length s exhibit an intrinsic surface stress f as large as 4.9 J m −2 . As a whole, it follows that the free surfaces of composite Ag-Cu-Ag are considerably more strained than the ones of the Ag NRs of similar size.
The large intrinsic surface stress f exhibited by case A NRs can be tentatively rationalized in terms of local strains generated by coherent Ag-Cu interfaces. The Cu fcc lattice has an elementary cell parameter of about 0.362 nm, remarkably smaller than the one of about 0.410 nm characteristic of the Ag fcc lattice. The difference between these two values induces tensile and compressive loadings, respectively, on the Cu and Ag domains, particularly in the region neighboring the coherent interface. Locally, such local strain further enhances the compressive stresses σ NW , already present due to the reduced size of NRs.
A consequence of the large average values of the intrinsic surface stress f is the involvement of the central Cu domains of composite Ag-Cu-Ag NRs in the fcc-to-bct phase transition. This never occurs in bulk Cu phases and in Cu NRs, irrespective of their size. It follows that the relative stability of the bct Cu domain must be ascribed to a combination of effects connected with surface stresses and Ag-Cu coherent interfaces.
Case B and Case C NRs present different aspects. Cu domains keep their fcc structure unchanged despite the fcc-to-bct phase transition involving the Ag ones. This determines the release of the elastic energy associated with coherent Ag-Cu interfaces. Such energy was roughly estimated by calculating the potential energy difference between Journal of Nanomaterials [26, 28] . It follows that the elastic energy released when the Ag domains of case B and case C NRs undergo the fcc-to-bct phase transition is on the order of 0.4 J m −2 . The same is true for the case of central Ag domains undergoing the fcc-to-bct transition in composite Cu-Ag-Cu NRs.
The elastic energy is released almost instantaneously at the phase transition. As a consequence, the local temperature T at Ag-Cu interfaces also rises almost instantaneously. Local temperatures T were estimated by monitoring the average kinetic energy in the m individual atomic planes forming the NRs [26] . The T estimates obtained at different times for the composite Ag-Cu-Ag NR with side length s equal to 1.6 nm and number k of Cu atomic planes equal to 10 are shown in Figure 10 . It can be seen that the Ag and Cu planes at interfaces undergo a rapid T increase immediately after the loss of coherency at the Ag-Cu interfaces. The temperature T of the interfacial atomic planes rises up to about 1600 K, which is roughly 400 K points T m,Ag and T m,Cu of Ag and Cu, respectively. Although T keeps higher than T m,Ag and T m,Cu for about 5 ps only, such time interval is sufficient to allow a certain mobility to interface atoms, which undergo intermixing and disordering phenomena. The same phenomena occur in the other composite Ag-CuAg NRs as well as in composite Cu-Ag-Cu NRs in which the central Ag domain undergoes the fcc-to-bct transition.
Conclusions
Numerical findings indicate that as the intrinsic surface stresses reach a threshold value, the fcc structure of Ag NRs becomes unstable, and a fcc-to-bct phase transition takes place. The transition starts at the surfaces perpendicular to the main NR axis and propagates to the rest of the NR. Conversely, Cu NRs always keep the fcc structure.
Whereas the structural behavior of Ag and Cu NRs depends only on their size, in the case of composite AgCu-Ag and Cu-Ag-Cu NRs, the size of the central Cu or Ag domains also plays an important role. Three different structural behaviors emerge in composite NRs as a function of the NR side length s and of the number k of atomic planes in the central Ag or Cu domain. The Ag-Cu-Ag NRs with side length s ≥ 2.4 nm do not undergo structural modifications, in agreement with the case of Ag NRs of similar size. In contrast, an fcc-to-bct phase transition takes place in composite Ag-Cu-Ag NRs with side length s ≤ 2.0 nm and 8 or 10 Cu atomic planes. In these cases, the transition also involves the central Cu domain, although the bct structure is unstable in both bulk Cu and pure Cu NRs of similar size.
The fcc-to-bct phase transition is also observed in AgCu-Ag NRs with more than 10 Cu atomic planes and in CuAg-Cu NRs with more than 6 Ag atomic planes. However, the transition only involves the Ag domains, leaving the Cu ones unaffected. The Ag-Cu interfaces lose their coherency and almost instantaneously release the associated elastic energy. The temperature of interfaces suddenly rises up to about 1600 K, which allows a significant local disordering and the loss of coaxiality of Ag and Cu domains.
